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Expression of Constitutively Active
CaMKII in Target Tissue
Modifies Presynaptic Axon Arbor Growth
Dong-Jing Zou and Hollis T. Cline Ca21 channels, ligand-gated channels, or release of Ca21
from intracellular stores can all result in autophosphory-Cold Spring Harbor Laboratory
lation and prolonged activation of CaMKII (Hanson andCold Spring Harbor, New York 11724
Schulman, 1992; Scott and Soderling, 1992; Schulman,
1993). In this way, brief changes in intracellular Ca21
can lead to relatively long-lasting increases in CaMKIISummary
activity (Miller and Kennedy, 1986; Lisman and Goldring,
1988).Calcium/calmodulin-dependent protein kinase II (Ca-
CaMKII has been shown to be important in severalMKII) can be regulated by synaptic activity and could
forms of synaptic plasticity. In Drosophila, inhibition oftherefore be involved in activity-dependent control of
CaMKII activity by the induction of an inhibitory peptideneuronal growth. We tested whether increased CaM-
impairs learning (Griffith et al., 1993, 1994) and modifiesKII activity in postsynaptic optic tectal neurons can
synaptic transmission at the neuromuscular junctionmodify the development of retinotectal axons in Xeno-
(Wang et al., 1994). CaMKII is required for long-termpus. The elaboration of individual presynaptic retinal
potentiation of synaptic transmission in the hippocam-axons was observed in vivo before and up to 3 days
pus (Malenka et al., 1989; Malinow et al., 1989), andafter infecting the tectal cells with vaccinia virus car-
increased CaMKII activity in postsynaptic neurons po-rying the gene for constitutively active truncated CaM-
tentiates synaptic transmission (Pettit et al., 1994).KII (tCaMKII). Elevated postsynaptic CaMKII activity
Knockout mice lacking a±CaMKII are also deficient inprevented the axons from developing the complexity
some types of learning (Silva et al., 1992a, 1992b) andof normal arbors by increasing the normal rate of
presynaptic forms of plasticity (Chapman et al., 1995).branch retractions. Some effects of tCaMKII on arbor
Presynaptic CaMKII activity may promote neurotrans-morphology were seen 1 day after infection, but they
mitter release (Lin et al., 1990; Llinas et al., 1991). CaMKIIbecame more dramatic by the third day. The results
is a major constituent of the postsynaptic density (Ken-suggest that postsynaptic CaMKII plays a role in the
nedy et al., 1983) and may influence synaptic plasticitydevelopment of presynaptic arbor structure.
by phosphorylating a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionate (AMPA) receptors (McGlade-
Introduction McCulloh et al., 1992), or cytoskeletal proteins (Jeffer-
son and Schulman, 1991), or by regulating nitric oxide
The formation of neural circuits requires the coordinated synthase activity (Nakane et al., 1991).
development of presynaptic axons and postsynaptic The role of CaMKII in structural plasticity is less clear.
dendrites. Activity-dependent mechanisms that operate High levels of CaMKII activity correlate with peaks of
in both anterograde and retrograde directions across neuronal growth and synaptogenesis in several sys-
the synapse are likely to be important in controlling tems, including the visual system (Scholz et al., 1988;
neuronal growth and synaptogenesis (Goodman and Jensen et al., 1991; Jia et al., 1992). Some in vitro studies
Shatz, 1993; Jessell and Kandel, 1993; Davis and Mur- indicate that increased CaMKII activity increases neurite
phey, 1994). Evidence for such coordinated control of outgrowth (Goshima et al., 1993) and that decreased
neuronal growth and circuit formation is strong in the CaMKII decreases neurite growth (Cabell and Audesirk,
visual system of frogs, where changing tectal cell 1993). However, Jian et al. (1994) reported that blocking
N-methyl-D-aspartic acid (NMDA) receptor activity dis- CaMKII has no effect on retinal axon outgrowth in vitro.
rupts the topographic organization of afferent inputs Manipulating kinase activity in vivo permits one to as-
(Cline et al., 1987; Cline and Constantine-Paton, 1989; sess the effect of kinase activity on the coordinated
Scherer and Udin, 1989), alters retinal axon morphology development of the pre- and postsynaptic partners. In
(Cline and Constantine-Paton, 1990a) and presynaptic Drosophila, blocking kinase activity in vivo with an inhib-
structure (Yen et al.,1993, 1995) and changes axon arbor itory peptide increases neuronal growth at the neuro-
branch dynamics (O'Rourke et al., 1994). However, the muscular junction (Wang et al., 1994). The growth of
signal transduction pathways within the postsynaptic retinal axons is also regulated in vivo by the chronic
neurons that underlie such activity-dependent changes application of kinase inhibitors in tadpoles (Cline and
in neuronal structure are not clear. One possibility is that Constantine-Paton, 1990b). In these last experiments
the rise in intracellular Ca21 following synaptic activity on retinal axon growth, CaMKII activity was probably
activates the multifunctional Ca21/calmodulin-depen- modified in both the pre- and postsynaptic neurons, so
dent protein kinase type II (CaMKII) in tectal cells. CaM- that it is difficult todefine the role of pre- or postsynaptic
KII has been implicated in the control of neuronal growth kinase activity in the development of retinal axons and
and neuronal plasticity (Scott and Soderling, 1992; tectal neurons. Targeted manipulation of kinase activity
Schulman, 1993). in tectal neurons could reveal the possible role of post-
CaMKII is activated by Ca21/calmodulin binding to the synaptic CaMKII activity in the coordinated control of
regulatory domain of the protein. This results in neuronal growth.
autophosphorylation that makes the enzyme indepen- Vaccinia virus has been well characterized as a vector
dent of Ca21/calmodulin (Schulman, 1993). Increases in for use in cell culture (Moss, 1991) and has more recently
been used to infect targeted populations of neurons inintracellular Ca21 following activation of voltage-gated
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the hippocampal slice (Pettit et al., 1994). We have (b-gal). The tCaMKII gene is driven by a strong synthetic
shown that vaccinia virus is a suitable vector to deliver early/late promoter (S. Chakrabarti and B. Moss, unpub-
foreign genes into postmitotic frog neurons, both in vivo lished data). The b-gal gene is downstream of the tCaM-
and in vitro, without causing tissue damage (Zou et al., KII and is driven by the vaccinia p7.5 promoter. The p7.5
1993, Soc. Neurosci., abstract; Wu et al., 1995). Another promoter turns on later than the synthetic promoter and
essential feature of vaccinia virus is that it requires the produces less transcript than the strong synthetic pro-
protein synthesis machinery of the host cells to synthe- moter. A separate group of animals was infected with
size viral proteins (Moss, 1991). Consequently, injection a recombinant virus carrying the b-gal gene alone, driven
of virus into the brain ventricle results in the infection by the synthetic early/late promoter (b-gal virus). Stain-
of the majority of cells in the optic tectum without the ing the whole animals with X-Gal 3 days after infection
expression of foreign proteins in retinal axons (Wu et with the tCaMKII virus, consistently showed reaction
al., 1995). product restricted to the CNS (Figure 1A). Serial cryostat
Here, we used a recombinant vaccinia virus con- sections of infected animals stained with X-Gal indi-
taining the gene for truncated constitutively active CaM- cated that the majority of tectal cells, including both
KII (tCaMKII) to alter kinase activity selectively in tectal neurons and glia, expressed b-gal (Figure 1B), as pre-
neurons, without directly changing the kinase activity in viously reported (Wu et al., 1995). No X-Gal staining was
the presynaptic retinal axons. The tCaMKII virus was detected in the optic nerve or in retinal ganglion cells
constructed with the DNA sequence encoding the cata- (RGCs), suggesting that significant amounts of viral ma-
lytic domain (amino acids 1±290) of the rat a isoform. terial were not taken up by the retinal axons and trans-
Because CaMKII is highly conserved between mam- ported back to the RGC somata where protein synthesis
mals, Xenopus, Drosophila, and yeast (Scott and Soder- occurs (Steward, 1983; see also Wu et al., 1995). There-
ling, 1992; Schulman, 1993; Kanki and Poo, 1994, Soc. fore, we can target expression of ectopic proteins spe-
Neurosci., abstract), the exogenous rat CaMKII may act cifically to the tectal neurons.
in a similar fashion to the endogenous Xenopus enzyme To examine the functional expression of tCaMKII, the
when expressed in the tectal cells. constitutive CaMKII activity (Ca21/calmodulin indepen-
We have used in vivo imaging with the laser-scanning dent) was measured in homogenates of telencephalon
confocal microscope to resolve the complex three-di-
and midbrain 3 days after infection with the tCaMKII or
mensional structure of growing retinal axon arbors at
the control b-gal virus. The Ca21/calmodulin-indepen-
different timepoints in intact albino Xenopus tadpoles.
dent activity in tissue infected with the tCaMKII virus for
Previous studies of the dynamic growth of the axon
3 days was 48% 6 5% (n 5 10) of the total kinase
arbors have shown that axons exhibit a profusion of
activity. This value was significantly greater than that
branch additions and retractions over short periods and
from the uninfected stage-matched control animalsthat net growth of the arbor occurs by the elongation
(32% 6 5%, n 5 11; p < 0.05, t test). The relative levelof preexisting branches plus the selective stabilization
of Ca21/calmodulin-independent activity in animals in-of relatively few of the newly added branches (O'Rourke
fected with the b-gal virus (35% 6 5%, n 5 8; Figureet al., 1994; Witte and Cline, 1993, 1994, Soc. Neurosci.,
1C) was comparable to controls. These results demon-abstract). The factors controlling which branches are
strated that constitutive CaMKII activity was increasedstabilized or retracted are unknown. One possibility is
in the CNS by infection with the recombinant tCaMKIIthat branches are stabilized if they form strong synaptic
virus.contacts with the target tectal neurons. Synaptic activity
Animals infected with the tCaMKII virus (tCaMKII ani-in the tectal neuron might trigger events that maintain
mals) appeared normal, without apparent physical orrecently active presynaptic sites at the expense of less
behavioral abnormalities. The animals swam and ateactive presynaptic sites.
normally, and displayed a typical startle response. WeWe tested the hypothesis that postsynaptic CaMKII
previously demonstrated that animals infected with theactivity plays a role in the coordinated development of
b-gal virus (b-gal animals) do not have reduced cellretinotectal axon arbor morphology. CaMKII activity in
numbers in the optic tectum (Wu et al., 1995). Cell den-tectal cells was selectively increased by expressing con-
sity in the optic tectum of tCaMKII animals three daysstitutively active CaMKII with a recombinant vaccinia
after infection was the same as in stage-matched con-virus in stage 48 albino Xenopus tadpoles. The morphol-
trols (33.1 6 0.1 cells/2500 mm2; n 5 3).ogy of individual DiI-labeled retinotectal axons was ob-
served in vivo before and at different intervals, up to 3
days after the virus infection. Quantitative analyses of
tCaMKII and Retinal Axon Growthretinal axon arbor structure demonstrated that the nor-
Over 3 Daysmal elaboration of the retinal arbor was modified by the
Recombinant virus techniques were combined with inexpression of constitutively active CaMKII in tectal cells.
vivo imaging to explore the possibility that CaMKII inThe results indicate that postsynaptic CaMKII partici-
postsynaptic tectal cells participates in the control ofpates in the coordinated control of axon arbor growth
presynaptic retinal axon growth. The morphologyof indi-in the developing frog retinotectal system.
vidual DiI-labeled axons was observed in vivo by taking
sequential images of axons over 3 days using a laser-Results
scanning confocal microscope. After the first observa-
tion, animals were left untreated or were infected withtCaMKII Expression
either the tCaMKII or the b-gal virus. At different dailyAnimals were infected with a recombinant vaccinia virus
intervals up to three days, the same individual retinal(tCaMKII virus) carrying the genes for truncated consti-
tutively active CaMKII and the reporter, b-galactosidase axons were found and images were taken again. Only
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Figure 1. Expression of b-Gal and tCaMKII in Tectal Cells
(A) Expression of the downstream reporter b-gal in a whole-mount animal 3 days after infection with the tCaMKII virus. Intense reaction
product was restricted to the CNS.
(B) Horizontal cryostat section through the optic tectum. The majority of cells were infected. Rostral tectum is toward the top.
(C) Functional expression of tCaMKII increased the ratio of Ca21/calmodulin-independent kinase activity to total CaMKII activity.
Scale bar represents 500 mm in (A) and 125 mm in (B). Asterisk indicates p < 0.05.
those axons from animals in which virus infection in the also simpler than the same arbors imaged prior to the
infection (day 0). Although preexisting branches didtectum was confirmed by X-Gal histochemistry were
included in the quantitative analysis. This approach al- elongate and some new growth occurred in the tCaMKII
axons, in general, there appeared to be a selective losslowed us to follow the dynamic development of retinal
axons as the axons grow in their normal or experimen- of shorter branchtip segments over 3 days (Figures 2
and 3; Tables 1 and 3). Axons from the b-gal animalstally altered environment.
Over the 3 day period of the observations, normal (b-gal axons) were comparable to the untreated control
axons (Tables 1±3).retinal axon arbors (control axons) became larger and
more complex. Some branches were retracted or short- When the tCaMKII axons on day 3 were compared with
the corresponding control axons, the major differencesened, while some were added or elongated (Figures 2
and 3). Axons from the tCaMKII animals (tCaMKII axons) between the two groups appeared to be in the number,
density, and distributions of branchtips, as well as inappeared to grow 1 day after the infection (day 1), but
by 2 days after the infection (day 2), the normal rate of total branch length. Therefore, we analyzed five parame-
ters to describe these features of the axon arbor quanti-arbor growth decreased (Figures 2 and 3). The morpho-
logical differences between the control and the tCaMKII tatively in the normal and infected animals. At day 0
(prior to the virus infection), in either the tCaMKII or theaxons were most striking 3 days after the infection (day
3). The tCaMKII axons appeared more simple than the b-gal axons, the values of all five parameters were the
same as those in the controls for the correspondingcontrol axons from stage-matched animals. They were
observation intervals (Tables 1 and 3). These results
confirmed that there was no subjective bias in selecting
animals for different treatments.
Branchtip Number.
In the control axons, the average branchtip number in-
creased gradually over 3 days (Figure 4A; Table 1). The
largest increase in branchtip number occurred between
day 0 and day 1, after which the branchtip number was
relatively stable. At day 1, the branchtip number had
increased to about 117% 6 5% (p < 0.01) of the initial
value on day 0. At day 3, it was 123% 6 6% (p < 0.01)
of the initial value on day 0 (Figure 4A). Observations of
axons imaged 1 or 2 days after infection showed that
the branchtip numbers in the tCaMKII axons did not
increase by day 1 as much as they did in the control
axons. The net decrease in branchtip number was ap-
parent 2 days after infection with the tCaMKII virus (Fig-
ure 4A). By day 3, the branchtip number in the tCaMKII
axons fell to about half of the value in the untreated
control group on day 3 (19 6 2 versus 37 6 2; p < 0.001).
This difference represented a net decrease in branchtip
numbers in the tCaMKII axons over the 3 day period,
from 28 6 3 to 19 6 2 (p < 0.001), or to 67% 6 4% ofFigure 2. Growth of Retinotectal Axon Arbors Observed at Daily
Intervals Over 3 Days the initial value on day 0 (Figure 4A). The scatter plots
show the range of changes in branchtip numbers over 3(A) Control axon. (B) tCaMKII axon.
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showed an increase in total branch length over 3 days
(Figure 4E). In contrast, the tCaMKII axons increased on
average to only 108% 6 9% of the initial total branch
length over 3 days (Figure 4B). Observations at daily
timepoints indicated that total branch length in the
tCaMKII axons initially increased on day 1 relative to
day 0, but did not continue to increase as the controls
did. The average total branch length of tCaMKII axons
on day 3 was virtually unchanged compared with day 0
(480 6 50 mm on day 0 versus 482 6 50 mm on day 3).
One reason could be that almost half of the axons (7
out of 16) showed a decrease in total branch length
(Figure 4E). The total branch length of tCaMKII axons
on day 3 on average (482 6 50 mm) was significantly
(p < 0.01) smaller than that (722 6 51 mm) from the
control group at the same timepoint.
We also measured the rostrocaudal and mediolateral
dimensions of the axon arbors. There was no significant
difference (two populations independent t test, p>0.05)
in either the arbor length or width between the tCaMKII
or the b-gal axons and the controls on day 3 (Table 2).
Branchtip Density.
Branchtip density, defined as the number of branchtips
per 100 mm branch length, decreased significantly in
the control axons over 3 days to 85% 6 5% of its initial
value on day 0 (p < 0.01; Figure 4C; Table 1). This de-
crease in branchtip density in control axons occurred
because the relative increase in total branch length was
greater than the relative increase in branchtip number
over the 3 day period (Figures 4A and 4B). In tCaMKII
axons, the relative decrease in branchtip density at day
1 was comparable to that in control axons (Figure 4C;
Table 1). By day 2, tCaMKII axons had significantly
smaller branchtip densities than untreated control axons
(4.7 6 0.3 versus 5.7 6 0.3; p < 0.05). At day 3, the
average branchtip density of tCaMKII axons had contin-
ued to decrease relative to the control axons at the same
timepoint (3.9 6 0.2 versus 5.2 6 0.3; p < 0.01). The
relative decrease in branchtip density was also greater
in the tCaMKII axons than in the control axons over the
same 3 day period (66% 6 4% versus 85% 6 5%; p <
0.01), because the total branch length in tCaMKII axons
did not increase and the branchtip number decreased
dramatically. Most of the control (12 of 15) and the b-gal
(10 of 13) axons showed a decrease in their branchtip
Figure 3. Growth of Retinotectal Axon Arbors Over 3 Days
density (Figure 4F). All 16 tCaMKII axons decreased their
Top rows are examples of five axons, of decreasing complexity from
branchtip densities.left to right, imaged in vivo in stage 48 albino Xenopus tadpoles.
Branchtip Segment Length Distribution.Bottom rows are the same arbors imaged 3 days later. (A) Control
Based on the drawings of the axon arbors, it appearedaxons, n 5 15. (B) tCaMKII axons, n 5 16. (C) b-gal axons, n 5
13. Although tCaMKII arbors became more simple, some branches that shorter branchtip segments were selectively lost in
elongated (large arrow), some new branches were added (arrow- the tCaMKII axons (Figures 2 and 3). In 1 day, the aver-
head), and some branches retracted (small arrow) or shortened. age branchtip segment length in the tCaMKII axons was
already significantly (p < 0.05) larger than in the controls
days for each axon in the 3 groups (Figure 4D). Branchtip (Table 3). The difference between the two groups contin-
numbers increased in most of the control (12 out of 15) ued to increase over the next 2 days (Figure 5A). By day
and b-gal (11 out of 13) axons, but decreased in all 16 3, the average branchtip segment length in the tCaMKII
tCaMKII axons. axons (18.3 6 1.0 mm; n 5 297) was much longer than
Total Branch Length. that (13.2 6 0.5 mm; p < 0.001; n 5 550) from the control
The total branch length, measured from the first branch axons (Figure 5A). On day 2, in the b-gal axons, the
point to the branchtips of the arbor, increased steadily average branchtip segment length was longer (p < 0.05)
over 3 days in the control axons. By day 3, the total than that in the control axons (Table 3). This was the
branch length was 151% 6 11% of the initial value on only value in which the b-gal axons differed significantly
from the control axons at the same timepoint.day 0 (p < 0.001; Figure 4B; Table 1). All but one axon
CaMKII Activity and Axon Arbor Growth
533
Table 1. tCaMKII Altered Retinotectal Axon Morphology
Control b-gal tCaMKII
1 day 2 days 3 days 1 day 2 days 3 days 1 day 2 days 3 days
Observation Interval (n510) (n511) (n515) (n512) (n512) (n513) (n514) (n59) (n516)
Branchtip Number
Average at day 0 36 6 4 37 6 4 31 6 2 33 6 3 39 6 2 34 6 2 30 6 2 34 6 2 28 6 2
Average at Second Obs. 41 6 4a 42 6 4a 37 6 2a 37 6 3a 43 6 2 40 6 3a 31 6 3b 28 6 2a,b 19 6 2a,b
Percent of Initial 117 6 5c 118 6 4c 123 6 6c 114 6 5c 114 6 88 116 6 4c 104 6 4b 82 6 4b,c 67 6 4b,c
Total Branch Length
Average (mm) at day 0 618 6 104 608 6 85 499 6 35 520 6 57 624 6 60 602 6 58 555 6 47 556 6 45 480 6 50
Average at Second Obs. 736 6 96a 746 6 64a 722 6 51a 670 6 65a 847 6 86a 850 6 98a 633 6 55a 605 6 55 482 6 50b
Percent of Initial 128 6 9c 137 6 12c 151 6 11c 138 6 13c 139 6 11c 141 6 12c 115 6 6c 109 6 6 108 6 9b
Branch Density
Average (1/100 mm) 6.5 6 0.6 6.6 6 0.6 6.3 6 0.4 6.7 6 0.5 6.6 6 0.5 6.0 6 0.3 5.7 6 0.4 6.3 6 0.4 6.1 6 0.3
at day 0
Average (1/100 mm) 6.1 6 0.6 5.7 6 0.3 5.2 6 0.3a 5.7 6 0.4a 5.4 6 0.4 5.1 6 0.3a 5.1 6 0.4 4.7 6 0.3a,b 3.9 6 0.2a,b
at Second Obs.
Percent of Initial 94 6 6 91 6 6 85 6 5c 87 6 5c 86 6 8 86 6 5c 92 6 5 76 6 5c 66 6 4b,c
Abbreviation: obs., observation.
Statistically significant difference (p , 0.05):
a Compared with day 0 of same treatment, paired two populations t test
b Compared with Control of same day, independent two populations t test
c Compared with 100 percent, one population t test
The change in the mean branchtip segment length shorter branchtip segments (from 64% 6 4% to 43% 6
5%; p < 0.01) and a significant increase in the proportionmight reflect a change in the relative proportions of
short and long branchtip segments within the arbor. To of longer branchtips (from 15% 6 3% to 34% 6 5%;
p < 0.001; Figure 5C). On day 3, thepercent of branchtipsaddress this possibility, we grouped branchtips some-
what arbitrarily into three categories according to their belonging to the intermediate length class did not
change for either the control or the tCaMKII axons com-segment length: short, with branchtip segment lengths
of 1±10 mm; intermediate, with lengths in the range of pared with the same axons on day 0.
Figures 5D±5F show the comparisons of branchtip11±20 mm; long, with lengths greater than 20 mm.
Over 3 days, the control axons showed a slight de- segment length distributions in the control, the b-gal,
and the tCaMKII axons for each day. On day 1, thecrease in the relative numbers of short branchtips and
a significant increase in the relative numbers of long tCaMKII axons appeared to have relatively more branch-
tips with longer (intermediate and long) segment length,branchtips (from 14% 6 2% to 19% 6 2%; p < 0.05;
Figure 5B). Over the same time period, the tCaMKII ax- compared with the control axons at the same timepoint
(Figure 5D). The relative decrease in the short branchtipons showed a significant decrease in the proportion of
Figure 4. Quantification of Morphological Changes in Arbors Over 3 Days
Relative changes in branchtip number (A), total branch length (B), and branchtip density (C) at daily timepoints, compared with their initial
values. Scatter plots show changes in branchtip number (D), total branch length (E), and branchtip density (F) for each control, b-gal, and
tCaMKII axon over 3 days. Asterisk indicates p < 0.05.
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Table 2. tCaMKII Did Not Alter Retinotectal Axon Arbor Dimensions
Control (n515) b-gal (n513) tCaMKII (n516)
Arbor Dimensions day 0 day 3 day 0 day 3 day 0 day 3
Average (mm) Rostrocaudal Length 91 6 7 114 6 5a 94 6 6 126 6 7a 93 6 9 105 6 7
Percent of Initial Ð 131 6 7b Ð 139 6 8b Ð 126 6 16
Average (mm) Mediolateral Width 63 6 6 65 6 4 73 6 6 82 6 8 57 6 4 58 6 6
Percent of Initial Ð 116 6 12 Ð 112 6 8 Ð 101 6 8
Statistically significant difference (p , 0.05):
a Compared with day 0 of same treatment, paired two populations t test.
b Compared with initial value (100 percent), one population t test.
segments and the relative increase in the long branchtip groups: low, with topological branch orders of 1±4; inter-
mediate, with orders in the range of 5±8; high, with or-segments in the tCaMKII axons were not significant until
day 3 (Figures 5D and 5E; Table 3). When the tCaMKII ders greater than 8.
In the control axons, the distribution of branchtips inaxons on day 2 were compared with the same axons
on day 0, they had significantly fewer (p < 0.01) short the different branch order categories did not change
significantly over 3 days, however, the distributionbranchtips and more (p < 0.05) long branchtips
(Table 3). shifted toward relatively more higher order branchtips
(Figure 6B; Table 3). Therefore, over 3 days, the controlBranchtip Order Distribution.
An analysis of the topological branch order of the axons tended to become more complex. Over the same
time period, the changes in the tCaMKII axons were inbranchtip segments was used to quantitate the differ-
ences in the complexity between the control and the the opposite direction. The relative numbers of high
order branchtip segments decreased from 21% 6 5%tCaMKII axon arbors. We adopted the centrifugal order-
ing system (Uylings et al., 1989; see also Figure 6A) to to 10% 6 4%, and the relative numbers of low order
branchtip segments increased significantly (p < 0.01)assign the order of branchtip segments in the retinal
axons. According to this scheme, the unbranched axon from 25% 6 3% to 38% 6 5%. Comparing these values
to those from control axons at the same timepoint,segment entering the optic tectum from the tract has a
topological order of zero and distal branch segments tCaMKII axons had relatively fewer branchtips (10% 6
4% versus 39% 6 7%; p < 0.001), with high order andhave higher topological orders, depending on the num-
bers of intervening branch points. Therefore, axons with relatively more branchtips (38% 6 5% versus 17% 6
2%; p < 0.001) with low order. The percent of branchtipsrelatively more high order branchtips are likely to be
more complex. Branchtips were classified into three belonging to the intermediateorder class didnot change
Table 3. tCaMKII Altered Branchtip Distributions in Retinotectal Axons
Control b-gal tCaMKII
1 day 2 days 3 days 1 day 2 days 3 days 1 day 2 days 3 days
Observation Interval (n510) (n511) (n515) (n512) (n512) (n513) (n514) (n59) (n516)
Average Branchtip Length (mm)
Average (mm) at day 0 10.5 6 0.5 10.5 6 0.5 10.9 6 0.5 10.4 6 0.6 10.5 6 0.6 11.6 6 0.5 11.8 6 0.6 10.7 6 0.5 11.7 6 0.6
(n5362) (n5404) (n5461) (n5393) (n5464) (n5446) (n5416) (n5304) (n5450)
Average (mm) 10.8 6 0.5 11.2 6 0.5 13.2 6 0.5a 11.9 6 0.6 13.0 6 0.6a,b 13.9 6 0.6a 13.5 6 0.6a,b 14.5 6 0.8a,b 18.3 6 1.0a,b
at 2nd obs. (n5410) (n5463) (n5550) (n5443) (n5516) (n5517) (n5435) (n5251) (n5297)
Branchtip Segment Length Distribution (percent of Branchtips)
day 0 1±10 mm 69 6 5 69 6 5 63 6 5 68 6 3 69 6 4 61 6 4 62 6 5 65 6 4 64 6 4
11±20 mm 19 6 2 17 6 3 23 6 3 21 6 2 20 6 2 24 6 2 22 6 3 21 6 2 21 6 2
. 20 mm 12 6 3 14 6 4 14 6 2 11 6 2 11 6 2 15 6 3 16 6 3 14 6 3 15 6 3
2nd Obs. 1±10 mm 65 6 4 64 6 4a 56 6 2 64 6 3 62 6 3 60 6 4 54 6 3 49 6 6a 43 6 5a,b
11±20 mm 22 6 3 21 6 3 25 6 2 21 6 3 19 6 2 20 6 2 27 6 2 28 6 4 23 6 3
. 20 mm 13 6 2 16 6 3 19 6 2a 15 6 2 18 6 3 20 6 3 19 6 2 23 6 4a 34 6 5a,b
day 0 1±4 17 6 3 16 6 3 21 6 3 20 6 3 15 6 2 23 6 3 25 6 3 22 6 4 25 6 3
5±8 51 6 6 44 6 5 49 6 5 45 6 4 44 6 5 52 6 5 50 6 4 49 6 4 54 6 5
. 8 32 6 8 40 6 7 30 6 6 34 6 4 41 6 6 25 6 6 25 6 5 29 6 6 21 6 5
2nd Obs. 1±4 16 6 3 18 6 2 17 6 2 17 6 2 14 6 2 16 6 2a 26 6 5 28 6 3b 38 6 5a,b
5±8 46 6 6 45 6 6 44 6 5 40 6 6 41 6 4 41 6 5 47 6 4 47 6 5 52 6 4
. 8 39 6 7 37 6 7 39 6 7 42 6 6 45 6 4 43 6 5a 27 6 5 24 6 7 10 6 4b
abbreviation: obs., observation.
Statistically significant difference (p , 0.05):
a Compared with day 0 of same treatment, paired two populations t test
b Compared with Control of same day, independent two populations t test
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Figure 5. Quantitative Comparison of Branchtip Segment Length
(A) Average branchtip segment length in control, b-gal, and tCaMKII axons. (B) Branchtip length distributions in control axons on day 0 and
day 3. (C) Branchtip length distributions in tCaMKII axons on day 0 and day 3. Branchtip length distributions in control, b-gal, and tCaMKII
axons 1 day (D), 2 days (E), and 3 days (F) after infection. Asterisk indicates p < 0.05.
significantly in the tCaMKII axons over 3 days, nor was the tCaMKII axons became more simple compared with
the same axons on day 0 (Figure 6C).it different from the controls on day 3 (Figures 6B and
6F; Table 3).
Comparisons of branch order distributions in the con- Discussion
trol, b-gal, and tCaMKII axons for each day are shown
in Figures 6D±6F. The branch order distributions were We tested the hypothesis that postsynaptic CaMKII par-
ticipates in the control of the development of the retinalnot significantly different at day 1 for all three groups
of axons (Figure 6D), although the tCaMKII axons had axon arbor morphology in Xenopus tadpoles. CaMKII
activity was selectively increased in tectal cells by ex-relatively more branchtips with low topological order,
and relatively fewer branchtips with high topological pressing constitutively active CaMKII with a recombi-
nant vaccinia virus. In vivo confocal images of individualorder, compared with the control axons. By day 2, the
distribution in the tCaMKII axons had shifted further DiI-labeled axons taken before and at different daily
intervals aftervirus infection revealed that the branchingso that there was a significantly greater proportion of
branchtips with low order (p < 0.01; Figure 6E). By day pattern of retinal axons became less complex after the
postsynaptic expression of tCaMKII. The decreased3, the differences between the control and the tCaMKII
axons were even greater (Figure 6F), because the con- arbor complexity was due to an increase in the rate of
branch retractions. These results indicated that CaMKIItrols tended to become more complex (Figure 6B), while
Figure 6. Quantitative Comparison of Topological Branch Order of Branchtip Segments
(A) Schematic axon illustrating the parameters used to quantitate the branching pattern of the arbor. (B) Branch order distribution in control
axons at day 0 and day 3. (C) Branch order distribution in tCaMKII axons at day 0 and day 3. Branch order distributions of branchtip segments
in control, b-gal, and tCaMKII axons 1 day (D), 2 days (E), and 3 days (F) after infection. Asterisk indicates p < 0.05.
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activity in the tectal cells may be involved in the regula- of branch additions and retractions and the stabilization
of portions of preexisting branches despite potentialtion of retinal axon arbor elaboration.
retraction and shortening. The simpler arbor morphol-
ogy observed in tCaMKII axons may result from changestCaMKII Expression
in the rates of branch additions or branch retractions orInfection of the tadpole CNS with vaccinia virus resulted
both. The decrease in branchtip numbers in tCaMKIIin expression of tCaMKII in the majority of cells in the
axons at day 3 relative to day 0 indicates that tCaMKIIoptic tectum, as indicated by the widespread intense
causes an increase in retractions of branches formedexpression of the reporter b-gal. No b-gal expression
prior to the increase in kinase activity. Observations ofwas detected in the optic nerve or retina in any of the
axons at shorter intervals would be required to resolveanimals we examined. The relative increase in the Ca21/
whether tCaMKII changes the rates of branch additionscalmodulin-independent kinase activity that we mea-
and retractions compared with controls.sured indicates that functional expression of tCaMKII
Activity-dependent mechanisms that maintain sometook place. Considering that the tCaMKII expression
axonal branches and cause the retraction of otherwas driven by a strong synthetic promoter (S. Chakra-
branches have been observed in developing visual pro-barti and B. Moss, unpublished data), the extent of in-
jections (Nakamura and O'Leary, 1989; Katz and Cal-crease in kinase activity was relatively low. This may be
laway, 1992; Antonini and Stryker, 1993), as well as otherdue to the instability of the truncated CaMKII.
systems (Bailey and Chen, 1989; Zhong et al., 1992). InWe have previously shown that animals infected with
addition to the present study and previous work in thevaccinia virus carrying the gene for b-gal develop nor-
frog retinotectal system (Cline and Constantine-Paton,mally, without any decrease in tectal cell numbers com-
1990b), other reports indicate that CaMKII may be in-pared with uninfected animals (Wu et al., 1995). Expres-
volved in these sculpting events. CaMKII gene expres-sion of tCaMKII did not appear to damage the CNS. The
sion is elevated in dark-reared animals compared withdensity of cells in the optic tectum of tCaMKII virus-
controls (Neve and Bear, 1989). In monocularly deprivedinfected animals was not different from those of either
monkeys, CaMKII immunoreactivity is increased pre-control or b-gal animals. Another indication that the ex-
cisely in the ocular dominance columns deprived of theirperimental animals were healthy is that retinal axons
normal visual innervation (Hendry and Kennedy, 1986).continued to grow. In spite of the dramatic reduction of
Correspondingly, brief monocular deprivation results inbranchtip numbers, many branches extended by tens
simpler geniculocortical axon arbor morphology com-of microns in the tCaMKII axons. Indeed, the total axon
pared with normal axons (Antonini and Stryker, 1993).branch length increased in more than half of the axons.
A more direct relation between CaMKII activity and neu-As a further indication that a modest increase in CaMKII
ronal growth was shown in Drosophila, in which induc-activity is not toxic to neurons, electrophysiological re-
tion of a specific inhibitory peptide for CaMKII de-cordings from tectal neurons infected with the same
creasedCaMKII activity (Griffith et al., 1993) and resultedrecombinant virus show that they have normal resting
in larger, more complex motor nerve terminals in thepotential and input resistance (G. Y. Wu and H.T.C.,
neuromuscular junction (Wang et al., 1994).unpublished data). In addition, hippocampal neurons
How CaMKII activity might function to modify neu-infected with the tCaMKII virus exhibit potentiated syn-
ronal branching patterns remains an open question. Oneaptic transmission (Pettit et al., 1994). In neuroblastoma
hint comes from the observation that shorter branchtipscells, a 10-fold increase in CaMKII activity promotes
are selectively lost in the tCaMKII axons. This populationdifferentiation and neurite outgrowth, without apparent
of branches has the highest rate of additions and retrac-pathological effects (Goshima et al., 1993).
tions, with average lifetimes of less than 1 hr (O'Rourke
et al., 1994; Witte and Cline, 1993, 1994, Soc. Neurosci.,
tCaMKII and Retinal Axon Growth abstract) Localization of synaptic vesicle proteins in the
Normal retinal axons gradually become more elaborate short branchtips suggests they may form synapses (M.
over a 3 day period. The changes of arbor morphology Anderson, E. Pinches and H.T.C., unpublished data).
that we observed in control axons were comparable However, the short lifetimes of the branches mean that
to those reported previously (Sakagushi and Murphey, the synapses would necessarily be relatively new. Newly
1985; O'Rourke and Fraser, 1990). Images of axon formed synapses show greater variability in amplitude
arbors taken at shorter intervals show that the arbor and frequency of synaptic transmission, including a
structure is extremely dynamic (O'Rourke et al., 1994; greater rate of failures (Diamond and Miledi, 1962; Ben-
Witte and Cline, 1993, 1994, Soc. Neurosci., abstract). nett and Pettigrew, 1974; Buchanan et al., 1989). We
Branches are constantly added and retracted from the suggest that this variability puts the new synapses and
arbors so that most branches have lifetimes of less than branches at greater risk for retraction when postsynap-
a few hours. In addition to the initiation and retraction of tic CaMKII activity is elevated.
new branches, preexisting branches continually extend In the retinotectal projection, visual inputs result in
and shorten. Over an 8 hr period, only half of the total different levels of synaptic activity across the optic tec-
branch length is stable, and less than 15% of the newly tum that reflect the topographic organization of the stim-
added branches are maintained and contribute to the ulus. Local changes in synaptic activity may result in
enlargement of the arbor (Witte and Cline, 1993, 1994, local increases in CaMKII activity in tectal cell dendrites,
Soc. Neurosci., abstract). The growth of the arbor seen which could outlast the synaptic activity that triggered
at longer intervals, such as those examined here, reflects it (Miller and Kennedy, 1986; Lisman and Goldring, 1988).
two processes: the stabilization of a relatively small We suggest that local increases in dendritic CaMKII
activity that consistently coincide with synaptic activitynumber of new branches in the face of a large excess
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of DiI (1,19-dioctadecyl-3,3,39,39-tetramethylindocarbocyanine,maintain synapses and their branches, and that in-
DiIC18(3); Molecular Probes; 0.5% in absolute ethanol) was pressurecreases in dendritic CaMKII that do not consistently
injected to the right temporal retinaof stage 47 tadpoles (Nieuwkoopcoincide with synaptic activity result in the retraction of
and Faber, 1956) anesthetized in 0.02% MS-222 (3-aminobenzoic
those synapses and branches. In normal animals, the acid) in Steinberg's solution. The pipette was consistently posi-
majority of newly formed branches are rapidly retracted tioned in the central retina to label axons at a comparable develop-
mental stage from different animals. About 16±30 hr after the DiIbecause their activity level may be more variable than
injection, animals were screened to select those with brightly labeledthe postsynaptic CaMKII activity. By increasing CaMKII
individual retinal axons in the optic tectum. Typically, 1 out of 20activity uniformly across the tectum in the infected ani-
animals injected with DiI had an individual retinal axon labeled.mals, we have increased the probability that dendritic
Anesthetized animals were mounted in a 0.02% MS-222-filled Syl-
CaMKII activity will be high when synaptic activity is low. gard (Dow Corning) chamber and covered with a coverslip. Images
As in the normal animals, this would lead to retraction of were acquired through a Nikon 403 air lens (NA 0.85) with a laser-
scanning confocal microscope (Odyssey, Noran Instruments) andless active synapses and branches; however, the overall
the Image-1 program (Universal Imaging Corporation). Optical sec-rate of retractions is greater in tCaMKII axons because
tions were taken at 2 mm intervals through the depth of the axonthe time during which CaMKII activity is high in the
arbor. Each section was the average of 16 image frames. Imageabsence of synaptic activity is greater than in controls.
acquisition was terminated when the unbranched portion of the
A comparable interaction between more and less ac- axon had been followed for at least 20 mm rostral to the first branch
tive regions of the neuromuscular junction has recently point of the arbor. This made it easier to identify the same axon in the
next observation. After the initial observation, animals were eitherbeen reported (Balice-Gordon and Lichtman, 1994), in
injected with virus or left untreated. Between imaging sessions,which imbalances in the degree of synaptic activity
animals were kept in an incubator (258C) under red light illuminationwithin a single junction led to retraction of presynaptic
with a dark/light cycle of 12 hr. All animals were at stage 48 through-elements in the less active region. This interpretation is
out the observation period.
also consistent with the activity-dependent depression
of asynchronous synaptic inputs in the cultured nerve± Morphological Data Analysis
muscle preparation (Lo and Poo, 1991; Dan and Poo, Axon arbors were reconstructed by tracing the portion of the arbor
1992). from individual optical sections onto an acetate sheet until the entire
arbor was drawn. This gave a more accurate representation of theAn alternative explanation is that CaMKII acts inde-
arbor morphology than the computer generated reconstructions.pendently of synaptic activity to modify tectal cell struc-
The number of branchtips was counted. Growth cones were ob-ture, which may in turn change axonal growth patterns.
served rarely and accounted for less than 1% of total branchtips.
Ca2 transients have been imaged in growth cones and When seen, they were considered as single branchtip in the analysis.
growing neurites (Bentley et al., 1991; Cypher and Le- Only those reconstructed axons with at least 15 branchtips at the
tourneau, 1992; Kater et al., 1994). CaMKII activity trig- first observation were included for further quantitative analysis. The
drawings of the reconstructed axons were scanned (Hewlett Pack-gered by such Ca2 transients may lead to changes in cell
ard Scanjet Plus) into a Macintosh Quadra 800 computer. The pixelsurface molecules or extracellular matrix components,
X:Y ratio was corrected to 1:1. Total branch length, defined as thewhich could alter axonal growth.
cumulative length of all arbor branches, starting from the first branch
Observations of tCaMKII axons at different daily inter- point to the branchtips, was measured with the NIH Image 1.56b18
vals indicate that the timecourse of the effects of tCaM- program. This measurement gave an underestimate of the total
KII on arbor morphology correlates with the timecourse branch length, because the depth of the axon was not considered.
However, at this stage, arbors have a relatively constant depthof expression of b-gal (Wu et al., 1995). The majority
(O'Rourke and Fraser, 1990), so the extent of error introduced byof differences that we observed between tCaMKII and
ignoring the depth differences should be constant. The axon arborcontrol axons are apparent by the second day after
dimensions were measured along the maximal rostrocaudal length
infection (Tables 1 and 3),when X-Gal staining is intense. and mediolateral width of the reconstructed axon arbor using NIH
However, by 1 day after infection, tCaMKII axons did Image. The arbor length was the distance of a straight line between
not show the normal increase in branchtip numbers, the first branch point of the arbor and its most caudal branchtip.
The arbor width was measured from the most lateral to the mostcompared with controls. This suggests that functional
medial point of the reconstructed axons. The branchtip density ofexpression of tCaMKII takes place before the reporter
the arbor was determined by normalizing the branchtip number tob-gal can be detected with X-Gal, and likely reflects the
the total axon branch length. The length of an individual branchtip
poor sensitivity of the histochemical staining method. segment was measured from the branchtip to its nearest branch
The results presented here indicate that changes in point. The order of branchtip segments was determined according
postsynaptic CaMKII activity can modify the elaboration to the centrifugal ordering system (Uylings et al., 1989). The root
segment is the unbranched portion of the axon entering the tectumof the presynaptic axon arbor structure, by increasing
from the optic tract and has a branch order of zero. Branches origi-the rate of branch retraction. We suggest that in the
nating from the first branch point have branch order of 1; thosenormal optic tectum spatial and temporal changes in
branches from the next branch point along the axon caudal to the
input activity trigger changes in tectal cell CaMKII activ- first branch point have branch order of 2; and so on (see Figure 6A).
ity that are then reflected in the dynamic properties of Data were presented as mean 6 SEM. Statistical tests used were
axon arbors. In this hypothesis, conjunction of synaptic mentioned in Table 1 or in the text. Totally 86 reconstructed retinal
axon arbors from 84 animals were included in the quantitativeactivity with elevated CaMKII activity maintains syn-
analysis.apses, while elevated CaMKII activity in the absence of
sufficient synaptic activity causes branch retraction.
Virus Infection
The recombinant vaccinia virus was the gift of Drs. R. Malinow and
D. Pettit. The construction of recombinant virus has been reportedExperimental Procedures
before (Pettit et al., 1994). The DNA sequence encoding truncated
a-CaMKII (amino acids 1±290, tCaMKII) from rat was inserted intoImaging
Albino Xenopus laevis tadpoles were obtained by human chorionic the Sal I-Sma site in the vaccinia virus vector pSC65 (a gift of B.
Moss) downstream from a strong synthetic early/late vaccinia virusgonadotropin-induced mating, and reared in the lab. A small amount
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promoter. This vector also contains a gene for b-gal driven by the loss induced by focal blockade of postsynaptic receptors. Nature
372, 519±524.p7.5 vaccinia promoter. Virus was purified from infected RK13 cells
before use. The concentration of virus was 6 3 107 PFU/ml for the Bennett, M.R., and Pettigrew, A.G. (1974). The formation of synapses
b-gal and 1 3 108 PFU/ml for the tCaMKII virus. in striated muscle during development. J. Physiol. (Lond.) 241,
Virus (100±150 nl) colored with 0.1% fast green was injected into 515±545.
the tectal ventricle and the subdural space lateral to the tectal lobes
Bentley, D., Guthrie, P.B., and Kater, S.B. (1991). Calcium ion distri-of anesthetized stage 48 tadpoles. After three days, the infection
bution in nascent pioneer axons and coupled preaxonogenesis neu-of virus was checked by examining the expression of b-gal with the
rons in situ. J. Neurosci. 11, 1300±1308.X-Gal (Molecular Probes) histochemistry in the whole-mount animal.
The animal was fixed with 2% paraformaldehyde and 0.2% glutaral- Buchanan, J., Sun, Y., and Poo, M. (1989). Studies of nerve-muscle
dehyde in 0.1 M phosphate buffer (pH 7.4) for 1 hr at 48C, rinsed interactions in Xenopus cell culture: fine structure of early functional
with 0.1 M phosphate buffer three times, and incubated in the X-Gal contacts. J. Neurosci. 9, 1540±1554.
reaction solution (1 mg/ml X-Gal dissolved in formamide, 3 mM Cabell, L., and Audesirk, G. (1993). Effects of selective inhibition of
K4Fe(CN)6, 3 mM K3Fe(CN)6, 1.3 mM MgCl2, 10 mM phosphate buffer protein kinase C, cyclic AMP-dependent protein kinase, and Ca21/
[pH 7.4]) overnight at room temperature. Unless otherwise specified, calmodulin-dependent protein kinase on neurite development in
all chemicals were from Sigma. cultured rat hippocampal neurons. Int. J. Dev. Neurosci. 11,
To test for possible toxic effects of virus infection, cells in the 357±368.
optic tectum were counted. Serial 30 mm cryostat sections of tectum
Chapman, P.F., Frenguelli, B.G., Smith, A., Chen, C.-H., and Silva,from both uninfected and tCaMKII virus-infected animals were
A. (1995). The a-Ca21/calmodulin kinase II: a bidirectional modulatorstained with propidium iodide (2.5 mg/ml in 0.1 M phosphate buffer,
of presynaptic plasticity. Neuron 14, 591±597.[pH 7.4]) for 20 min at room temperature. Nuclei were counted in 2
mm confocal images taken through the cryostat sections. Cline, H.T., and Constantine-Paton, M. (1989). NMDA receptor an-
tagonists disrupt the retinotectal topographic map. Neuron 3,
Kinase Assay 413±426.
To examine the functional expressionof tCaMKII, the Ca21/calmodu- Cline, H.T., and Constantine-Paton, M. (1990a). NMDA receptor ago-
lin-independent CaMKII activity was determined and expressed rel- nist and antagonists alter retinal ganglion cell arbor structure in the
ative to the total CaMKII activity. Telencephalon and midbrain from developing frog retinotectal projection. J. Neurosci. 10, 1197±1216.
15 animals in each experimental group were rapidly dissected and
Cline, H.T., and Constantine-Paton, M. (1990b). The differential influ-homogenized three days after infection in 400 ml of ice cold buffer
ence of protein kinase inhibitors on retinal arbor morphology andcontaining 10 mM Tris (pH7.4), 1 mM EGTA, 0.5 mM dithiotreitol
eye-specific stripes in the frog retinotectal system. Neuron 4,(DTT), 0.1 mM phenylmethanesulfonyl fluoride (PMSF), 5 mg/ml leu-
899±908.peptin, and 20 mg/ml soybean trypsin inhibitor. The protein concen-
tration was determined by using the BioRad protein assay kit. Sam- Cline, H.T., Debski, E.A., and Constantine-Paton, M. (1987). NMDA
ples were prepared in triplicate with a range of protein receptor antagonist desegregates eye-specific stripes. Proc. Natl.
concentrations (0.5±1.0 mg/ml) by diluting the homogenate in ice- Acad. Sci. USA, 84, 4342±4345.
cold water. The CaMKII assay was started by adding an equal vol- Cypher, C., and Letourneau, P.C. (1992). Growth cone motility. Curr.
ume (25 ml) of 23 reaction buffer containing 100 mM syntide-2, 50 Opin. Cell Biol. 4, 4±7.
mM HEPES (pH 7.4), 20 mM MgCl2, 1 mM DTT, 100 mM adenosine
Dan, Y., and Poo, M.-M. (1992). Hebbian depression of isolatedtriphosphate (ATP) ([g-32P]ATP, 5 mCi/50 ml, specific activity 3000
neuromuscular synapses in vitro. Science 256, 1570±1573.Ci/mmol; Amersham), 3 mM calmodulin, 4 mM CaCl2. To determine
the Ca21/calmodulin-independent activity, the same reaction solu- Davis, G.W., and Murphey, R.K. (1994). Retrograde signaling and
tion was used except that CaCl2 and calmodulin were replaced by the development of transmitter release properties in the invertebrate
1.5 mM calmidizolium, a specific calmodulin antagonist (Calbio- nervous system. J. Neurobiol. 25, 740±756.
chem). After incubation at 268C for 7 min, the reaction was termi-
Diamond, I., and Miledi, R. (1962). A study of foetal and new-born
nated by pipetting 25 ml of reaction mixture onto phosphocellulose
rat muscle fibres. J. Physiol. (Lond.) 162, 393±408.
discs (GIBCO-BRL). The discs were rinsed twice in 1% phosphoric
Goodman, C.S., and Shatz, C.J. (1993). Developmental mechanismsacid for 5 min followed by another 5 min rinse in water. The radioac-
that generate precise patterns of neuronal connectivity. Cell/Neurontivity on the discs was counted. Initial experiments show that the
(Suppl.) 72, 77±98.enzyme activity is linear up to 7 min incubation at 268C with protein
concentrations of 0.05 to 0.35 mg/ml. Goshima, Y., Ohsako, S., and Yamauchi, T. (1993). Overexpression
of Ca21/calmodulin-dependent protein kinase II in neuro2a and
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